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The observation by Warburg  (1)  that  the amount of oxygen used 
by  a  slice of Flexner-Jobling rat  carcinoma was less  than  that  ab- 
sorbed by such normal tissues as liver or kidney, has opened the way 
for the further study of the metabolism of tumor and other rapidly 
growing  cells.  The  immature  white  blood  ceils  of  myelogenous 
leucemia resemble  somewhat  those  of  the  malignant neoplasms in 
their growth rate and behavior, and response to exposures to Roentgen 
rays.  They serve as excellent material for the study of oxygen con- 
sumption because of their availability and the ease with which they 
can be manipulated in vitro. 
Patients with leucemia frequently have  an  elevated basal  meta- 
bolic  rate,  particularly  when  the  blood  contains  many  immature 
cells  (Riddle and Sturgis (2)).  The possibility of a  causal relation- 
ship between the rate of oxygen absorption by the patient and  the 
degree of maturation of the blood cells presents a problem toward the 
solution of which this study of cell respiration in the microspirometer 
offers some data. 
The  studies  reported  here  include observations on  the  blood  of 
normal individuals,  a  patient with  a  leucocytosis from sepsis,  and 
patients with chronic myelogenous leucemia in various stages of the 
disease. 
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Methods. 
The  details  of  the  use of  the  special  microspirometer  have  been 
reported elsewhere (3).  The method of Lundsgaard  and MSller  (4) 
was used in the determination of the oxygen content of the blood in 
the Van Slyke blood gas apparatus.  Blood from the arm veins was 
used  and  the  enumeration  of  the  cells was  made  by  the  standard 
methods.  In making  the differential leucocyte counts,  500  to  1000 
white blood ceils were studied. 
DATA. 
Normal Blood. 
When  the  venous  blood  from  a  normal  individual  is  transferred 
directly to the microspirometer part of the oxygen is used to convert 
the  reduced  hemoglobin  to  oxyhemoglobin.  The  amount  used in 
excess of this represents the oxygen used for metabolism by the ceils. 
The oxygen content of a specimen of blood can be measured at the 
beginning and end of an experiment and the amount of oxygen neces- 
sary for saturation of the hemoglobin can also be determined by use 
of the Van  Slyke blood gas apparatus.  The microspirometer,  how- 
ever, shows the total amount of oxygen used during a  similar period 
of  time. 
The results are reported of sixteen observations in which the hemo- 
globin  was  unsaturated  and  six cases in which the hemoglobin was 
"saturated"  before placing in  the chamber. 
In sixteen specimens of normal blood which were transferred directly 
to the microspirometer without being exposed to the air,  the average 
amount of oxygen used was 6.66 cc. per 100 cc. of blood.  An example 
of such an experiment in which the blood was not previously saturated 
with oxygen is shown in Table I. 
In  the experiment  recorded in  Table I  the difference between the 
oxygen content at the beginning of the observations and at the com- 
pletion of the experiment,  as measured by the Van Slyke apparatus, 
was 5.49 cc.  The degree of unsaturation  of the blood at the begin- 
ning was 6.24 per cent, so that the blood became practically saturated 
in the microspirometer. 
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blood.  This  included  the  6.24  cc.  to  saturate  the  hemoglobin,  so 
that the actual consumption in this case was 0.48 cc.  This is such a 
small amount that it is hardly significant,  as it is but little over twice 
the possible error which arises in reading the manometer.  The results 
in  fifteen other experiments  with normal  blood under  similar  condi- 
tions were entirely comparable. 
In  six  specimens  of  normal  blood  which  were  "saturated'! with 
oxygen outside of the  apparatus  the  oxygen consumption  averaged 
TABLE  I. 
Rate of Oxygen Consumption  by Blood of Normal  Individual. 
Amount of oxygen used  Amount of oxygen used 
Time  by I00 cc. venous blood  Time  by 100 ce. venous blood 
rain. 
0 
5 
20 
30 
40 
60 
70 
cc. 
0 
0.47 
2.07 
3.10 
5.55 
6.72 
8.28 
mln, 
8O 
90 
110 
150 
160 
165 
175 
8.89 
10.02 
11.42 
11:88 
14.49 
15~33 
15.33 
Oxygen content at beginning of observations  .............  17.55 cc. per 100 cc. of blood 
"  "  "  end of observations  ...................  23.04  "  "  100  "  "  " 
Oxygen-combining power ..............................  23.79  "  "  100  "  "  " 
The microspirometer was in the water bath at 37.5°C.  for 1½ hours before the 
blood was placed in the metabolism chamber.  15 minutes elapsed from the time 
that the blood was drawn to the first reading on the manometer. 
0.055 cc. per 100 cc. of blood.  The error in reading the meniscus of 
the bile tube may represent 0.235  cc.  so that  the oxygen absorption 
of  normal  blood,  as  determined  by  this  microspirometer,  is  zero 
within the limits of experimental error. 
Polymorphonuclear Neutrophil Leucocytosis. 
The simplest change in blood that may affect its metabolism is an 
increase in the number of white blood corpuscles due to  leucocytosis. 
In blood with  a  high  leucocyte count,  the  absorption of oxygen  be- 56  CELL  RESPIRATION  STUDIES.  II 
came appreciable under the conditions of  these  experiments.  Table 
II shows data concerning the oxygen absorption by this blood  from 
a  patient  with  an  infected  tumor  growth.  The  white  blood  cell 
count  was  24,000  per  c.mm.  and  85.6  per  cent  of  the  cells  were 
mature polymorphonuclear  leucocytes.  The blood was saturated with 
oxygen for 5 minutes in a  large flask.  The preliminary increase in 
volume of  the  respiration  chamber  gases,  noted  in  all  the  experi- 
ments and referred to in  the preceding paper  (3),  continued for 60 
minutes  after  the  microspirometer  was  closed.  The  first  decrease 
in volume was recorded 67 minutes after the blood was drawn. 
TABLE  II. 
Rate  of Oxygen Consumption  by Blood u~ith a  Polymorphonuclear  Neutrophil 
Leucocy~osis. 
(White blood cells 24,000 per  c.mm. 20,000 polymorphonuclear  neutrophils.) 
Amount of oxygen used  Amount of oxygen used 
Time  per 100 cc. oxygenated  Time  per 100 cc. oxygenated 
blood  blood[ 
rain.  co.  rai~.  c~. 
0  0.0  30  0.71 
10  0.25  50  1.18 
20  O. 47  60*  1.41 
* During the next 50 minutes there was no more oxygen  absorption as indi- 
cated by identical readings of the level of the bile in the manometer. 
Two sets of observations on the blood of the same patient on dif- 
ferent  days  gave  the  following  results: When  the  absolute  white 
blood cell count was 22,250  per  c.mm.  (19,180  polymorphonuclear 
neutrophils) the oxygen consumption was 2.75 cc. per hour per 100 cc. 
of blood.  When the count was  18,700  (15,800  polymorphonuclear 
neutrophils),  the  oxygen consumption  was  1.73  cc.  per  hour per 
100 cc. of blood. 
The oxygen content at the end of the experiment was less than that 
at the beginning, and the hemoglobin was 4.73 per  cent unsaturated, 
even though it had been exposed to oxygen throughout the observa- 
tions.  This  was  different  from  the  normal  bloods  and  was  com- 
parable  to  the  condition in  the  leucemic bloods  described  later. G.  A.  DALAND AND  R.  ISAACS  57 
Chronic M yelogenous Leucemia. 
In blood from patients with chronic myelogenous leucemia,  where 
many  of  the  cells  are  of  an  immature  and  often  atypical  sort,  the 
rate  of  oxygen  absorption  is  easily  measurable.  The  observations 
recorded in  Table III  illustrate  the  rate  and  amount of oxygen ab- 
sorption in the blood of a woman who had had leucemia for 2½ years. 
TABLE  III. 
Oxygen  Consumption  by  Blood  of  a  Patient  (No.  5)  with  Chronic  Myelogenous 
Leucemia. 
Time 
m/m. 
0 
10 
20 
30 
40 
50 
6O 
75 
9O 
100 
110 
120 
130 
Amount of oxygen used 
per I00 cc. of oxygenated 
blood 
cc. 
0.0 
0.47 
1.88 
3.29 
4.23 
5.65 
6.59 
7.99 
10.35 
12.23 
13.64 
15.52 
17.40 
Time 
mls. 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
Amount of oxygen used 
per 100 cc. of oxygenated 
blood 
CO. 
18.34 
19.28 
20.22 
21.16 
23.52 
25.86 
27.75 
30.15 
32.44 
34.34 
34.34 
36.68 
37.63 
Oxygen content at beginning  of observations ............  13.55 cc. per 100 cc.  of  blood 
"  "  "  end of observations .................  2.80 "  "  100 "  "  " 
Oxygen-combiningpower .............................  13.55 "  "  100  "  "  " 
At  the  time  the  tests  were made  the  white  blood cell  count of  the 
venous blood was  176,000 per c.mm.  and only 19.4 per  cent  of  the 
cells were  mature.  The  rest  were  grossly immature, chiefly myelo- 
blasts. 
The difference between the oxygen content at the beginning of the 
observations and at the completion of the experiment, as measured by 
the  Van  Slyke  apparatus,  was  10.75  cc.  Although  the  blood  was 
saturated  at  the  beginning, it  was  very  far  from  saturated  at  the 58  CELL  RESPIRATION  STUDIES.  II 
end of the observations.  The amount of oxygen used  by the  same 
sample of blood in the microspirometer during this period was 37.63 cc. 
Another  portion  of  the  same  specimen  of blood  was  kept  under 
oil  in  an  incubator,  at  37.5°C.  and  the  oxygen  content  was  deter- 
TABLE  IV. 
Oxygen Consumption by  Blood in Ten Cases of Chron4c Myelogenous Leucemia. 
Patient 
No. 
ghite blood 
cells per 
c.nlm. 
37,000 
52,000 
122,000 
123,000 
176,000 
454,000 
P.M.N.* 
per 
c,mm. 
23,700 
21,600 
38,300 
47,900 
34,100 
90,800 
Immature 
cells per 
e.mm. 
5,900 
28,500 
79,300 
67,700 
140,800 
345,000 
Red 
blood 
ceUs pe~ 
c.lnm. 
millions 
2.8 
3.0 
3.2 
3.1 
3.1 
3.0 
Average  ..... 
Amount of oxygen  consumed per 
hr. per 
7 
8 
9 
10 
71,000 
80,000 
1il;OOO 
251;00o 
29,100  38,300 
30,200[  45,600 
38,000  54,800 
20,800  230,200 
2.2 
4.0 
4.1 
2.9 
I-Ielno- 
globln  100 cc. 
whole 
:blood 
At  cent 
53 
55 
73 
68 
64 
59 
73 
72 
35 
Average  ..... : .................................. 
1000 
W.B.C. 
X tO~  i 
%-Z-. J 
4.48  1.210 
3.84  0.730 
9.72  0.796 
12.67  1.036 
7.30  0.414 
18.56  0.408 
9.42  0.765 
6.14i  0.864 
6.46  0. 807 
5.89  0.526 
8.77  0.349 
6.815  0.636 
I000 
mature 
P.M.N. 
X 10-6 
CO. 
2.314 
1. 780 
2. 537 
2.641 
2.138 
2.044 
2.420 
2.109 
2.136 
1.549 
4. 200 
2.468 
1000 
immature 
leuco- 
cytes 
X 10"6 
CC. 
7. 593 
1.347 
1.225 
1.874 
0.518 
0. 538 
2.182 
1.603 
1.416 
1.076 
0.381 
1.119 
* The absolute number of mature polymorphonuclear neutrophils is contrasted 
with  the  absolute number of immature ceils  which  include myelocytes of all 
stages and myeloblasts.  The number of eosinophilic and basophilic polymorpho- 
nuclear cells is not included.  The number of lymphocytes, which is compara- 
tively small  in most leucemic  bloods  with high white counts, is disregarded in 
this comparative study. 
mined at intervals by Dr. Arlie V. Bock.  Practically all the oxyhemo- 
globin was reduced in 3 hours.  The oxygen-combining power at the 
start was  13.55  cc. per  100 cc. of blood, and at the end was 0.04 cc. 
pe  r  100 cc. of blood. 
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given in Table IV are better for comparative purposes than the other 
four cases because the red blood counts (2.8 to 3.2 millions per c.mm.) 
and the hemoglobin percentages (53 to 68, Sahli) were similar enough 
to  be practically the same.  The color indexes of these six patients 
were: 0.94;  0.91;  1.1;  1.09;  1.03;  and  0.98  (average  1.008)  while 
those of the others were 1.6;  0.87;  and 0.61.  The influence of the 
number of red blood corpuscles and the per cent of hemoglobin thus 
did  not  enter significantly into  variations in  oxygen absorption  by 
the first six cases enumerated so that it is proper to attribute varia- 
tions in metabolic activity especially to  the leucocytes. 
DISCUSSION. 
When blood from a  normal individual is  drawn from a  vein and 
transferred directly to  the microspirometer, part of  the  oxygen ab- 
sorbed is used to convert the reduced hemoglobin to oxyhemoglobin. 
The amount used in excess of this represents, to a  great extent, the 
oxygen absorbed by the leucocytes.  The reticulated red blood cells 
(young cells) apparently have the power to absorb oxygen (Morawitz 
(5),  Morawitz  and  Itami  (6),  Harrop  (7),  and  Denecke  (8)).  In 
the cases of leucemia with a high white blood cell count they formed 
but a minor fraction of the total number of metabolizing cells, so that 
the amount of oxygen that they used was but a small part of the total. 
The part played by the blood platelets in the consumption of oxygen 
is not known. 
In  normal blood,  when  the hemoglobin is  saturated,  the oxygen 
consumption is less than in blood in which the number of leucocytes 
is  high.  Furthermore,  the  process  of  utilization  of  oxygen lasted 
longer in  the leucemic blood and that from the patient with leuco- 
cytosis  than  in  a  normal  blood.  The  readings on  the manometer 
tube usually became constant after 1½ hours when normal blood was 
being studied, while a  constant progressive change was noted in the 
bloods with high white counts from 1½ to over 10 hours, and possibly 
longer.  Leucemic blood used from 3.7 cc. to 70.5  cc. of oxygen per 
100 cc. of blood during the course of the period of observation (i.e. 
until absorption  stopped or the experiment was discontinued) while 
there was practically no absorption by normal blood and 1.41 ce. to 
1.76 cc. by the blood of the patient with leucocytosis, when absorption 
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When the different leucemic bloods and the one with simple leuco- 
cytosis are compared, and an effort is made to correlate the amount 
of oxygen used per hour with the total white blood count, the total 
number of immature white blood cells,  the total red blood cell count, 
the  hemoglobin percentage,  and  the  total number  of mature poly- 
morphonuclear  neutrophils,  the  highest  degree  of  correlation  is 
found with  the last  named factor.  This is  shown in  Chart  1.  In 
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C~-ART 1..  Rate of oxygen consumption by 100 cc. of blood compared with 
the  absolute number of mature  polymorphonuclear neutrophils and  with  the 
number of immature cells in sepsis and in chronic myelogenous  leucemia. 
Table IV it will be noted that the individual observations vary from 
the average the least when it is assumed that the bulk of the oxygen 
absorbed is taken up by the mature polymorphonuclear neutrophils, 
arid the variation from the average is much greater when the total 
white blood ceil count or the number of immature cells is used for 
comparison.  The  adult  cells  appear  to  use more oxygen than  the 
immature ones under the conditions of these  experiments as  shown G.  A.  DALAND  AND  R.  ISAACS  61 
in Table IV.  In Patient 5 the number of immature cells was 176,000 
per c.mm.,  whereas in Patient 4  the number of  immature  cells  was 
67,650  per  c.mm.  In  the  former  the  rate  of  oxygen  absorption, 
under  the  conditions of this microspirometer,  was only  7.30 cc.  per 
hour per  100 cc. of blood whereas in the latter  the consumption was 
12.67  cc.  per hour.  Evidently  the immature  cells used less oxygen 
than  a  corresponding number of mature  cells.  Whether  this is true 
of the cells in the body or not is a matter for additional study.  The 
immature cells may be more susceptible to changes in their  environ- 
ment  than  the adult cells, and  therefore show a lower rate of metab- 
olism  in  vitro. 
If the rate of metabolism of the immature white blood cells is low, 
as compared with that for the adult cells, the former resemble tumor 
cells in this respect more than embryonic or young tissue cells.  The 
immature  leucocytes  behaved  as  did  Warburg's  tumor  tissue  (1) 
when  exposed  to  the  conditions  of  a  microspirometer.  These  ob- 
servations also make it seem improbable that  there is  a  direct  rela- 
tion between the oxygen metabolism of the immature  blood cells in 
the peripheral  circulation  and  the  increased basal metabolic  rate  of 
the  leucemic patients.  The  hemoglobin  of  normal  blood,  as  noted 
after it  has  been  for  a  long period of  time  in  the  microspirometer, 
remains saturated with oxygen.  This is sharply in contrast to  what 
happened  under  similar  circumstances  to  the  leucemic blood, for  it 
was found that its hemoglobin was no longer saturated with oxygen, 
although it was exposed to the air of the respiration chamber and kept 
in motion.  When such blood was taken from the apparatus  and ex- 
posed  to  the  air  of  the  room it  was found  that  it  did  not  take up 
oxygen to the full capacity of the hemoglobin present, so that in some 
cases it was as much as 4.78 volumes per cent desaturated.  As this 
was a  fairly constant observation for leucemic blood when the white 
blood cell count was high,  and not characteristic of normal blood as 
noted by us and by others (Harrop (7)), it is thought that there may 
have been some factor which changed part of the hemoglobin.  How- 
ever,  there  was  no  definite  evidence  of  this  and  spectroscopic  ex- 
amination  failed to show the presence of methemoglobin. 
The  carbon dioxide was absorbed in  all  these experiments  as fast 
as  it  was produced.  Evidently  some "fixed"  acid,  probably lactic, 62  CELL RESPIRATION  STUDIES.  II 
was formed as in those experiments on leucemic blood in which  the 
carbon dioxide-combining power of the plasma was measured before 
and after the observations.  It  was found that  the carbon dioxide- 
combining power was reduced in  the leucemic bloods  to  practically 
nothing as the figure obtained was so  small that it was within the 
limits of possible error of the method of determination. 
There were no  gross  changes noted in  general morphologic char- 
acters of the cells after they had been in the microspirometer for the 
period  of  the  experiments.  They appeared  normal  in  all  respects 
when studied with supravital stains or examined in films colored with 
Wright's stain.  The oxidase reaction was the same or possibly more 
intensely positive at the end than at the beginning of the experiment. 
SUM2~AR¥ AND  CONCLUSIONS. 
i. The oxygen consumption of blood of normal individuals,  when 
the hemoglobin is  saturated with oxygen, is practically zero  within 
the limits of experimental error of the microspirometer used. 
2.  The  oxygen consumed in  a  microspirometer by  the  blood  of 
patients with chronic myelogenous leucemia with a high white blood 
cell count, and of one with leucocytosis from sepsis,  was proportional 
to the number of adult polymorphonuclear neutrophils in the blood. 
3.  No correlation could be made between the rate of oxygen  ab- 
sorption and the total number of white blood cells in the blood, or the 
total number of immature cells,  or the number of red blood cells, or 
the amount of oxyhemoglobin. 
4.  The blood of patients with chronic myelogenous leucemia con- 
tinued  to  use  oxygen in  the  microspirometer longer  than  that  of 
normal  individuals,  and  the  hemoglobin,  in  the  leucemic  bloods, 
became desaturated even though exposed to air. 
5.  In blood in which the bulk of the cells were immature and the 
mature cells few,  the oxygen consumption was lower than in blood 
in which the mature  cells predominated.  The  rate  of oxygen con- 
sumption of the immature cells was  relatively low  as  compared  to 
the mature. 
6.  The slower rate of oxygen absorption  by the immature leuco- 
cytes in  chronic myelogenous leucemia as  compared  to  the mature 
cells, places them, in accord with Warburg's  reports,  in the class of O.  A.  DALAND AND R.  ISAACS  63 
the malignant  tissues in this respect rather than in the group of young 
or  embryonic  ceils. 
Throughout  the  course of  this  work we have  received  advice  and 
criticism  from various  associates.  We wish to express our apprecia- 
tion  for  their  assistance,  especially  to  the  following:  Dr.  George  R. 
Minot,  Dr.  Lawrence  J.  Henderson,  Dr.  Thorne  M.  Carpenter,  Dr. 
James  H. Means,  and  Dr.  Blake C. Wilbur. 
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